The composition of macroscopically normal hip articular cartilage obtained from dogs of various ages was studied. Pieces of cartilage with signs of degeneration were studied separately. In normal aging, the extraction yield of proteoglycans decreased; the keratan sulphate content of extracted proteoglycans increased and the chondroitin sulphate content decreased. The extracted proteoglycans were smaller in the older cartilage, mainly owing to a decrease in the chondroitin sulphate-rich region of the proteoglycan monomers. The hyaluronic acid-binding region and the keratan sulphaterich region were increased and the molar concentration of proteoglycan probably increase with increasing age. The degenerated cartilage had higher water content and the proteoglycans, as well as other tissue components, gave higher yields. The proteoglycan monomers from the degenerated cartilage were smaller than those from normal cartilage of the same age, and hence had a smaller chondroitin sulphate-rich region and some of the molecules also appeared to lack the hyaluronic acid-binding region. Increased proteolytic activity may be involved in the process of cartilage degeneration.
Articular cartilage contains few cells and an abundance of surrounding extracellular matrix, which consists mainly of collagen and proteoglycan. The main components contributing to the elasticity of the articular cartilage are the proteoglycans (for references see Kempson, 1975) , which are composed of a central protein core to which a large number of highly negatively charged polysaccharide chains of chondroitin sulphate and keratan sulphate are covalently attached. At one end, the hyaluronic acidbinding region (see Fig. 1 ), about one-third of the protein core forms a globular structure (Heinegard & Hascall, 1974a) to which few or no polysaccharide chains are attached. This region is capable of interacting specifically with hyaluronic acid. Several individual proteoglycan monomers can bind to one hyaluronic acid molecule to form large aggregates. In normal cartilage a large proportion (80-90 %) ofthe proteoglycans are able to form aggregates. The major portion of the keratan sulphate chains and a few chondroitin sulphate chains are attached to the keratan sulphate-rich region (see Fig.  1 ) (Heinegird & Axelsson, 1977) . The remaining 90% of the chondroitin sulphate chains and some keratan sulphate chains are attached to a third portion of the protein core, the chondroitin sulphate-rich region (see Fig. 1 ) (HeinegArd & Axelsson, 1977) The chondroitin sulphate-rich region is probably essential for the resilience of the proteoglycans, because it contains a large number of negatively charged groups.
The elasticity of cartilage is largely related to the Vol. 169 content and the structure of the proteoglycans in the matrix (Harris et al., 1972; Scott, 1973 Scott, , 1975 . Kempson et al. (1971) showed that the elasticity of osteoarthritic cartilage is decreased. It is therefore likely that the composition of the proteoglycans has changed.
Primary oesteoarthritis is usually a disease of old age in both man and animals. In contrast, osteoarthritis that is secondary to disease or trauma often occurs in young and middle-aged individuals. In secondary osteoarthritis, the macroscopic and histological changes in the joint cartilage are similar to those found in osteoarthritis. Hip dysplasia with secondary osteoarthritis is common in certain breeds of dogs; such dogs could therefore be a readily available source for studying changes of the proteoglycan composition in degenerated cartilage. A prerequisite for better understanding of the changes of cartilage composition in osteoarthritis, however, is a knowledge ofthe normal changes with age.
In pig articular cartilage the glucosamine/galactosamine ratios increased with age (gim'unek & Muir, 1972) . This implies that the content of keratan sulphate compared with chondroitin sulphate is relatively higher in the articular cartilage from the older animal. It has been suggested that degradation of the proteoglycans is an important step in the development of osteoarthritis. Accordingly Ali & Evans (1973) reported an increased activity of cathepsins in osteoarthritis with a concomitant loss of uronic acid, A74.rU/+T. Fig. 1 ) (Heinegard & Hascall, 1974a; HeinegArd & Axelsson, 1977) . Therefore changes in the relative proportions of the polysaccharides and protein can be used as markers of changing size of the proteoglycans, and also to indicate the mechanism behind these changes. Direct measurements of the size of the proteoglycans will give supporting information.
The aim of the present investigation was primarily to establish whether there are changes in the quantity and structure of the proteoglycans of aging articular cartilage, and secondarily to establish whether an altered proteoglycan structure in the degenerated cartilage of osteoarthritis (when compared with normal cartilage of the same age) could explain the decreased elasticity ofthe cartilage.
Materials
Fresh articular cartilage was obtained within 5min after death from the femoral heads of ten dogs, aged 4.5 months-13 years (eight German Shepherd dogs and two Afghan Hounds, both the latter aged 5 years). From eight of the dogs, both apparently normal cartilage and degenerated cartilage was obtained. Cartilage was considered degenerated when it was discoloured, had lost its normal glossiness or was eroded. In all dogs with degenerated cartilage, hip dysplasia was the cause ofosteoarthritis. In three dogs (age 6, 8 and 12 months) normal cartilage was taken from animals with osteoarthritis of one hip only, and in these cases the normal cartilage was taken from the normal contralateral hip joint. From five animals (aged 0.5, 5, 5, 8 and 10.5 years) cartilage with normal appearance was taken from the same joint as the degenerated cartilage. From one of these dogs, aged 6 months, apparently normal cartilage was obtained both from ajoint that had focal cartilage degeneration and from the apparently normal contralateral joint. The youngest dog (aged 4.5 months) had subluxation of both hip joints, and 19 days before it was killed it had been operated on. Pelvic osteotomy was Vol. 169 performed on one side in an effort to minimize subluxation. The operation was a failure and actually caused degenerative changes to appear in the joint cartilage. All the cartilage in the contralateral joint had a normal appearance. One dog, aged 17 months, had normal cartilage in both hip joints and a sample was taken only from onejoint. Only degenerated cartilage could be obtained from one dog, aged 13 years, which had advanced osteoarthritis of both hip joints.
All samples of degenerated cartilage were taken from the small semilunar area dorsal to ligamentum teres, which is a major weight-bearing part of the femoral head. Cartilage samples from normal joints were taken from the same location on the joint surface. In some cases apparently normal cartilage was taken from the dorsal aspect ofthe femoral head, which contained areas showing degeneration. Since all cartilage samples were prepared from the dorsal and most weight-bearing area of the femoral head, it was considered that differences in the structure of the proteoglycans would not be due to variations in the site from which the macromolecules were prepared.
In all cases, the cartilage was classified as being either normal (whitish-blue with glossy surface) or degenerated. Four grades of degeneration were recognized: (a) discoloured cartilage with glossy surface; (b) fibrillated cartilage with loss of normal glossiness; (c) eroded cartilage; (d) severely eroded cartilage adjacent to defects with denuded subchondral bone.
Cartilage samples were dissected, wiped clean with a paper napkin, cut into small pieces (approx. 2mm in diam.) and frozen in liquid N2. The frozen samples were then immediately put into a stainless-steel cylindrical chamber (diam. 10mm, depth 32mm), precooled in liquid N2. A stainless-steel cylindrical piston (diam. 9.5mm, height 61 mm), also precooled in liquid N2, was then fitted into the chamber and the cartilage was powdered by applying a pressure of 196 MPa to the piston for 2s. The cartilage powder was stored at -30°C until extraction.
Methods
Extraction Samples (9.1-230.8 mg) ofcartilagepowder fromthe various dogswere extracted in 3 ml of4M-guanidinium chloride/0.05M-sodium acetate, pH5.8, for 24h at 3°C (Hascall & Sajdera, 1969; HeinegArd, 1972) .
Extracts were separated from residues by centrifugation at 21 700g (ray. 8.6cm) for 20min in a Sorvall RC 2-B centrifuge with the SE-12 rotor at 4°C. The residues were resuspended in 0.5ml of 4M-guanidinium chloride/0.05M-sodium acetate, pH 5.8, and again centrifuged at 22700g (ray. 9.0cm) for 20min. The supematants were added to the respective extracts discussed above. This procedure was repeated twice to assure complete separation of extracts from residues.
Associative-density-gradient centrifugation (Hascall & Sajdera, 1969; Heinegdrd, 1972) The concentration of guanidinium chloride in the extracts was brought to about 0.4M by dialysis of the extracts against 9 vol. of0.05 m-sodium acetate, pH 5.8, for 24h at 3°C. The densities were subsequently adjusted to 1.61-1.62g/ml by the addition of solid CsCl. The Bitter & Muir (1962) , but with one-tenth volumes. Hydroxyproline contents of cartilage samples were determined as described by Stegemann & Stalder (1967) after hydrolysis of samples in 6M-HCl in sealed tubes for 24h at 100°C.
Keratan sulphate and chondroitin sulphate contents of extracts and residues were determined on samples digested with papain, and the glycosaminoglycans were isolated by ion-exchange chromatography as described by Axelsson & Heinegard (1975) . The samples were then hydrolysed in 6M-HCl for 8 h in sealed tubes at 100GC and glucosamine and galactosamine were separated and determined with an automatic amino acid analyser. Galactosamine contents of the glycosaminoglycan fractions are proportional to the contents of chondroitin sulphate, whereas glucosamine contents of the glycosaminoglycan fractions are approximately proportional to the contents of keratan sulphate. Hyaluronic acid, however, also contains glucosamine, but, since the quantities of hyaluronic acid in cartilage is very small (Hardingham & Muir, 1973; Hascall & HeinegArd, 1974) , its contribution to the glucosamine content is minimal and will be disregarded. Glycosaminoglycans of extracts and residues were calculated as the sum of glucosamine and galactosamine in the glycosaminoglycan fractions.
The proportions of aggregates and monomers in fraction Al were determined by gel chromatography on Sepharose 2B. The excluded peaks represent the aggregates (HeinegArd, 1972) .
To determine representative differences in the size distribution of the proteoglycan monomers in fraction Al, the ability of the monomers to interact with hyaluronic acid was first inhibited by reduction and alkylation of the preparations (Heinegird, 1977) . Such a treatment destroys the tertiary structure and the function of the hyaluronic acid-binding region by breaking the disulphide bridges. The samples were then chromatographed on Sepharose 2B, to yield the elution profiles of the proteoglycan monomers. The size distribution of the chondroitin sulphate side chains of the proteoglycans in fraction Al, was determined after the samples had been digested with papain (5.ug/mg of proteoglycan) in 0.05M-sodium phosphate buffer/5 mM-cysteine/5 mM-EDTA, pH6.5 at 65°C, for 3h. The samples were then chromatographed on Sephadex G-200 (Wasteson, 1971) .
Gel chromatography
Sepharose 2B and Sephadex G-200 gel chromatography was performed on columns (about 140cm x 0.6cm) eluted with 0.5M-sodium acetate, pH7.0, at a constant temperature of 4°C. Constant flow of eluent (1.5ml/h) through the columns was obtained by using a constant-flow-rate infusion pump equipped with a 50ml plastic syringe. Fractions (0.89ml) were collected with a time-controlled fraction collector and analysed for uronic acid content by an automated version of the carbazole method (HeinegArd, 1973) .
Calculations
The analytical values obtained with normal and osteoarthritic cartilage from the same individuals were compared by Student's t test for paired observations. The youngest dog (aged 4.5 months) was not included in the t test, as it had bilateral subluxation of the hip. Linear-regression correlation coefficients for values from all cartilage, excluding the degenerated cartilage from the operatedjoint ofthe youngest dog, were calculated by the method of least squares. Age was correlated to the chemical data obtained both with the normal and the degenerated cartilage. A Student's t test (Rao, 1965) (Table 1) . Hydroxyproline (per wet weight of cartilage) showed no significant variation with age (Table 1) . The keratan sulphate content of cartilage showed a significant increase with age when expressed as percentage of glycosaminoglycans (correlation coefficient 0.89, P<0.001), but also when related to hydroxyproline content or wet weight of cartilage ( Table 2 ). The relative keratan sulphate content increased more in the cartilage from the youngest dogs, but as discussed the oldest contained more keratan sulphate.
The amounts of keratan sulphate compared with chondroitin sulphate in cartilage increase with age (Mathews & Glagov, 1966; gimunek & Muir, 1972) , and our data corroborate these findings. However, the absolute amount of keratan sulphate in the articular cartilage increases with age and there is only a minor decrease in contents of total cartilage glycosaminoglycans with age.
Extraction. In the present work proteoglycans were extracted with guanidinium chloride without the proteinase inhibitors used by Oegema et al. (1975) . It should be noted, however, that all procedures were done in the cold and in a direct sequence. Therefore it is unlikely that any degradation of the macromolecules occurred during extraction. Cartilage proteoglycans prepared from guanidinium chloride extracts with and without proteinase inhibitors have the same structure and composition (D. Heinegard, unpublished work) . It should also be pointed out that (gim'unek & Muir, 1972) and bovine tracheal cartilage (Larsson & HeinegArd, 1975) . The decreased ease of extraction of proteoglycans with increasing age cannot be readily explained at present since the structural or functional difference between extracted and residual proteoglycans is obscure. It should be noted (see below) that the proteoglycans that were not extracted contained relatively less keratan sulphate compared with the molecules extracted at each age (Table 2) , which may indicate structural differences. Further, the content of keratan sulphate of extracted proteoglycans showed a regular increase with age, the linear regression correlation coefficient being 0.89 and P<0.001. This finding agrees with results of others (Mathews & Glagov, 1966; Sim'unek & Muir, 1972) .
The relative proportion of keratan sulphate in the glycosaminoglycans of the residues also increased with increasing age (Table 2) , all values, however, being lower than those of the extracted proteoglycans of the same age.
Associative-density-gradient centrifugation. The content of uronic acid in the fraction Al is proportional to the chondroitin sulphate and therefore 1978 (Heinegard & Hascall, 1974b; Heinegard, 1977; HeinegArd & Axelsson, 1977; Thyberg et al., 1975) . Therefore the number of chondroitin sulphate chains is probably determined by the relative length of this region of the core. It is assumed in the present work that degenerated or aging cartilage has the same spacing of chondroitin sulphate chains as the normal cartilage. The decreasing uronic acid/ protein ratio (Table 3) The increased content of the hyaluronic acid-bindingregion and ofthe keratan sulphate-enriched region, compared with the chondroitin sulphate-enriched region of the proteoglycans from the older cartilage, suggests that the size of the molecules decreases with increasing age (cf. Fig. 1 ).
Gel chromatography. All cartilage fraction-Al preparations contain variable proportions of proteoglycan aggregates and non-aggregated proteoglycan monomers (Hascall & Sajdera, 1969; Heinegard, 1972; Hascall & Heinegard, 1974) . Sepharose 2B gel chromatography (Heinegard, 1972) is the technically most simple method to determine the proportion of non-aggregated proteoglycans in fraction Al isolated from cartilage (Fig. 2) . Only minor differences can be seen between the various chromatograms. The proportion of the non-aggregated monomer proteoglycans (included peak, Fig. 2) , however, is somewhat larger in the very youngest cartilage. The results suggest that the capability of the proteoglycans to bind to hyaluronic acid is not significantly changed in the older cartilage and therefore it is likely that the same proportion of the molecules from all age groups contain the hyaluronic acid-binding region.
The size of the proteoglycan monomers in fraction Al was determined by Sepharose 2B chromatography. To prevent aggregation the proteoglycans were reduced and alkylated in 4M-guanidinium chloride before chromatography on Sepharose 2B (HeinegArd, 1977;  Fig. 3 ). The advantage of this reduction technique compared with conventional CsCl-densitygradient centrifugation is that it accounts for all the monomers in fraction Al, whereas the density gradient selects larger monomers (HeinegArd, 1977) . The older the cartilage the more retarded were the proteoglycan monomers eluted (Fig. 3) . Therefore the size of the proteoglycan monomers gradually decreased with increasing age of the cartilage.
Fractions Al were digested with papain and chromatographed on (Fig. 4) . Therefore it is likely that the decreasing size of the proteoglycan monomers can be attributed to a decreasing size of the proteoglycan protein core in the older cartilage, rather than to a decreasing size of the chondroitin sulphate side chains.
Degenerated cartilage in osteoarthritis
The large variations in proteoglycan composition in aging cartilage stresses the importance of using controls of comparable age when degeneration of cartilage is studied. Therefore all parameters of degenerated cartilage discussed below are compared with the same parameters of normal cartilage of the same age.
Composition. The total glycosaminoglycan content (expressed per wet weight of cartilage) was somewhat lower in degenerated than in normal cartilage of the same age (Table 1) , although not statistically significant. It has been suggested (Matthews, 1953; Bollet etal., 1963; Bollet & Nance, 1966; Mankin & Lipello, 1970 ) that such changes occur in osteoarthritis. The contents of total glycosaminoglycans when expressed per hydroxyproline contents, however, showed no difference when compared with normal cartilage, presumably owing to significanitly lower (P<0.05) contents of hydroxyproline per wet weight of the degenerated cartilage (Table 1) . The lower hydroxyproline contents of degenerated cartilage are indicative of a higher water content in osteoarthritic cartilage. These data corroborate findings of others (Bollet & Nance, 1966; McDevitt & Muir, 1976; Mankin & Zarins-Trasher, 1975 ). Bollet & Nance (1966) and Mankin & Lipello (1970) also found that the collagen content related to tissue dry weight was the same in normal and degenerated cartilage. Similar results with increasing water content of the cartilage that contained smaller amounts of proteoglycans were observed in experiments by Lipshitz et al. (1976) . They used enzymic treatment or extraction of cartilage with salt solutions to remove the proteoglycans.
Degenerated cartilage contained more keratan sulphate with increasing age (Table 2) . Accordingly the keratan sulphate/chondroitin sulphate ratios increased, as did the keratan sulphate contents, both when related to wet weight and to hydroxyproline contents of cartilage. These changes are similar to, and statistically not significantly different from, the variations observed in the normal cartilage (Table 2) .
Extraction ofdegen?rated cartilage. The extraction yields of proteoglycans from the degenerated cartilage varied similarly to those observed for normal cartilage: decreasing yields with increasing age.
There was, however, a significantly greater extraction The size ofthe peaks is corrected so that the area under the void volume peak is constant. The void volume and the total volume are indicated by arrows.
The proteoglycan monomers from the degenerated cartilages were smaller than those from . normal cartilage, as shown by the more retarded peaks after Sepharose 2B chromatography (Fig. 6) . Sephadex G-200 chromatography of papain digests of the proteoglycans was used to monitor the size of the chondroitin sulphate chains. The chromatograms (Fig. 7) attempt to statistically correlate the degree of degeneration to the structural changes of the proteoglycans.
General Discussion
The elastic properties of cartilage are determined by the three-dimensional organization and fixation of the charged groups (i.e. mainly the chondroitin sulphate chains) and therefore by the proteoglycan structure, rather than only by their quantity. Therefore the proteoglycan structure was studied; the investigation was, however, for technical reasons limited to the extractable proteoglycans. The asymmetric distribution of protein and glycosaminoglycan chains in cartilage proteoglycans is indicated in the current model of proteoglycan monomer structure shown in Fig. 1 (normal) . The contents of protein, keratan sulphate and chondroitin sulphate in the proteoglycans can be utilized as markers, to discern whether the proteoglycans are altered in aging or in disease, as indicated in the protocol shown in Fig. 1 . Minor and probably non-detectable differences are listed within parentheses. The size of the keratan sulphate chains will not be discussed because the normal chain size is not well established (Heinegird & Axelsson, 1977) and there is no documented technique for measuring the size of the keratan sulphate chains.
Articular-cartilage proteoglycans contain the keratan sulphate-rich region (D. Heineg4rd & I. Axelsson, unpublished work) . The results of the various analyses show that with increasing age of the cartilage (1) the size of the proteoglycan monomers decreases, (2) the average size of the chondroitin sulphate chains does not change appreciably, (3) the chondroitin sulphate content, measured as contents of galactosamine and uronic acid, decreases, (4) the keratan sulphate content increases, (5) the protein content increases, (6) the ratio of aggregates to monomers, which can be used as an indication of the capability of the monomers to form aggregates or used as an indicator for the presence of hyaluronic acid-binding region, does not change and (7) the proportion of proteoglycans of lower buoyant density increases.
Thus the changing composition with age indicates that the proteoglycans undergo a gradual decrease in size. The change is probably due to a diminishing chondroitin sulphate-rich region, whereas the hyaluronic acid-binding region and the keratan sulphate-rich region remain comparatively constant. This change is consistent with the decreasing elasticity of the older cartilage since the chondroitin sulphate-rich region, which is most important for the elasticity of the cartilage, is decreasing in size. Results indicating similar changes in articular cartilage proteoglycan structure with age have been obtained by Strider et al. (1976 Strider et al. ( ). 1978 Whether the changes observed are a result of an increased degradation of normally synthesized proteoglycans or a result of the biosynthesis of altered proteoglycans monomers is not answered by the present investigation, although some comments can be made. In the event ofan increased degradation of proteoglycans, one would expect to find smallmolecular-size chondroitin sulphate-rich peptides derived from the chondroitin sulphate-rich region. In the aging cartilage, no such fragments could be demonstrated. It is still possible, however, that such fragments are removed from the tissue very rapidly, and therefore not detectable.
All cartilage proteoglycan molecules, regardless of size, probably contain the keratan sulphate-rich region (HeinegArd, 1977) , whereas the chondroitin sulphate-rich region may vary. Therefore the keratan sulphate content of a cartilage is probably a better indication of the number of proteoglycan molecules (i.e. their molar concentration) in the tissue. Bearing this in mind it is noteworthy that the absolute keratan sulphate content of cartilage increases with age. Thus the molar concentration of proteoglycan monomers in the tissue probably increases with increasing age, contrary to what would be expected from the chondroitin sulphate contents. This observation may indicate either that the synthesis of proteoglycan monomers is increased or that their degradation and removal is decreased.
Only one animal was used in all but one age group and so no estimate could be made ofvariations within each group. It is unlikely, however, that the differences observed are due to variations between individuals. The trend with changes to a smaller proteoglycan with significantly higher keratan sulphate and protein contents with increasing age indirectly indicates that individual variations within each age group are of lesser importance.
All the parameters studied for the degenerated osteoarthritic cartilage showed similar variations with age as in the normal cartilage. However, a few differences were noted. The degenerated cartilage had a higher water content (wet weight divided by hydroxyproline contents), than normal cartilage of the same age. The extraction yield was significantly higher from osteoarthritic cartilage, and as indicated by the density gradient centrifugation more nonproteoglycan material was extracted. Such a result may imply a less tight network of the intercellular matrix, with less interactions between the various components. The reason may be an increased activity of proteinases, shown to be present in increased amounts in osteoarthritic cartilage by Ali & Evans (1973) . Support for such a hypothesis derives from the other differences noted. The proteoglycans in fraction Al from the degenerated cartilage had significantly higher uronic acid/protein ratios, although the molecules were smaller and contained at least as much keratan sulphate. Further, gel chromatography of fraction Al showed lower contents of proteoglycan aggregates in the degenerated tissues. The data thus indicate that an increased proportion of the proteoglycan did not contain the hyaluronic acid-binding region.
In conclusion, the data indicate that the proteoglycans from the degenerated cartilage were smaller than those from the same-age normal cartilage, and had partially lost their ability to bind to hyaluronic acid and form aggregates.
The changes of the proteoglycan structure in the degenerated cartilage were of different nature, compared with those occurring in normal aging articular-cartilage proteoglycans, regardless of whether the normal cartilage was obtained from a normal joint or from joints with areas with degeneration. It is possible, then, that the processes leading to degeneration are focal.
